Spheroplasts of Candida afbicans were regenerated in [ 4C]glucose and buffered magnesium sulphate (0.1 M-Tris/HCl; 0.5 M-M~SO,, pH 7.2) at 35 "C. Uptake of glucose by spheroplasts was faster than that by intact yeast cells. After 6 h, 65% of the glucose taken up by the yeast appeared as C 0 2 and 30% was incorporated into the cellular material. With spheroplasts, 55% of the glucose taken up was expired as C 0 2 , 25% was excreted into the medium as other metabolites and 20% was incorporated into the cells. The regenerating spheroplasts excreted 14C-labelled carbohydrates into the medium which were fractionated on a Sephadex G-15 column. Acid hydrolysis of the low molecular-weight fraction yielded the following sugars : mannose (75.7%), fucose (3.8%), arabinose (3%), galactose (2.1 %) and an unidentified monosaccharide (1 4%). Spheroplasts did not incorporate mannoprotein into the regenerated wall. The wall carbohydrate from regenerated spheroplasts was fractionated on the basis of solubility in sodium hydroxide. The alkali-insoluble fraction was analysed by sequential enzyme hydrolysis; 40% of the incorporated counts were associated with #3(1 -, 3)-linked glucan and 50% with a mixed glucan comprising /3(1 + 3)-and /3(1 + 6)-linkages and chitin.
INTRODUCTION
Candida afbicans undergoes a reversible transition from a yeast to mycelial habit of growth and germ tubes are the precursors of the septate mycelial form of the organism (Cassone et al., 1973; Scherwitz et al., 1978) . Dimorphism is an example of cell wall morphogenesis and hence the developmental process should be reflected in changes in both the composition of the cell wall and enzymes involved in the synthesis of the wall components (Chiew et al., 1980a , b; Shepherd et af., 1980; Gopal et al., 1982a) . The chitin content and chitin synthase activity is greater in germ-tube forming cells and the mycelial form of C. afbicans (Chattaway et al., 1968; Chiew et al., 1980a, b) . Although p( 1 + 3)-glucan synthase preparations have recently been prepared from C. afbicans (Gopal et af., 19828; Orlean, 1982) , the cell wall of C. albicans has not been well characterized. Bishop et al. (1960) have shown that, in contrast to Saccharomyces cerevisiae in which the major glucan is a #3( 1 -, 3)-linked polymer, the predominant glucan in the C. afbicans wall is /3( 1 + 6)-linked. Mannans, which form 20-23 % of the total wall in C. albicans, have been studied in more detail (for reviews, see Odds, 1979; Suzuki, 1981) . Mannans are located predominantly on the surface (Tronchin et al., 1979) but also throughout the wall (Cassone et af., 1978) and their antigenic properties (Yu et af., 1967) have prompted structural analyses.
Spheroplasts have been used extensively to study cell wall biogenesis (for a review, see Necas & Svoboda, 1981) . The first structures to be assembled on regenerating S. cerevisiae spheroplasts are glucan microfibrils. This study describes glucan synthesis by regenerating spheroplasts of C. albicans, the metabolism of [ 4C]glucose during regeneration and the incorporation of radioactive label into wall components.
METHODS
Organism and culture conditions. Candida albicans (ATCC 10261) was used throughout this work. The organism was propagated and maintained on malt-extract agar slopes. 
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in shake cultures using glucose as the carbon source as described previously . Midexponential phase cells (16-18 h) were harvested and washed by centrifugation. These cells were used throughout this study and referred to as intact yeast cells.
Chemicals. The lyticase preparation used for the formation of spheroplasts was purified from the culture supernatants of Oerskoviu xanthineolytica by a procedure based on that described by Scott & Schekman (1980) . Zymolyase 5000 was purchased from the Kirin Brewery Co., Takasaki, Japan, and the snail gut enzyme preparation was from Industrie Biologique Franqaise, Gennevilliers, France. Amylase (from human saliva) was obtained from Sigma. [U-14C]Glucose (230 mCi mmol-I ) was obtained from Amersham.
Regeneration of spheroplasts and glucose uptake. Spheroplasts were prepared from yeast cells as described by Poulter et al. (1981) . The yield was determined by adding a drop of water to the microscope slide containing the spheroplast preparation and the cells resistant to the osmotic shock were counted. The regeneration of the spheroplasts was carried out in 0.5 M-M~SO, containing 0.1 M-Tris/HCl, pH 7.2, and 5.0 mM-glucose (regeneration medium) at 35 "C for 6 h. Each incubation, in 20 ml, contained a known concentration (between 0.7-1.0 x lo8) of cells ml-1 and 3.0 pCi of [14CJglucose, and was shaken at 100 r.p.m. Samples (2.0 ml) were withdrawn at 0.5 h intervals, filtered on GF/C filters and the filtrates were stored at -20 "C for further analysis. The filters were washed three times with 5.0 ml regeneration buffer (minus [14C]gl~~ose) and once with buffer; they were then dried for 3 h at 70 "C and counted in Bray's scintillant.
Radiorespirometric studies. The radiorespirometric apparatus used was a modification of that described by Wang (1972) and was mounted in a Warburg manometer bath. Respirometric analyses were carried out separately with spheroplasts and intact yeast cells in a 250 ml round-bottom flask. Each incubation contained 2 x lo9 cells and [14Clglucose (3.0 pCi) in 20 ml regeneration medium. The flask was shaken continually at 55 strokes rnin-' and aerated at 100 ml min-I . Expired I4CO2 was trapped in 15 ml of a mixture of absolute ethanol and monoethanolamine (2 : 1, v/v). The trapping solution was replaced at 30 min intervals and the instrument was designed to facilitate this step without loss of 14C02. The amount of 14C02 produced was estimated by counting 2.0 ml portions of trapping solution from each sample in 10ml of Bray's scintillant. The extensive quenching encountered was estimated using [ 14C]glucose as an internal standard.
Distribution of 14C-label with C . albicans polysaccharides. Suspensions (40 ml) of spheroplasts or intact yeast cells were incubated in medium containing [ 14C]glucose under conditions used for regeneration of the spheroplasts. After 6 h, the cells were harvested by centrifuging (lOOOg, 10 min), and the pellet was washed twice with 20 ml unlabelled regeneration medium and once with 20 ml buffer. The spent medium and the combined washings were stored separately at -20 "C for further analysis. The distribution of the 14C-label into the various polysaccharide fractions of the regenerating cells was studied by using a modification of the procedure of Baguley et al. (1979) as shown in Fig. 1 . Regenerated spheroplasts or intact cells were extracted with 1 M-NaOH at 90 "C for 1 h. The alkali-soluble carbohydrates were precipitated with 80% ethanol/water (v/v) and this solution was left at -20 "C for 3 h. The precipitated carbohydrates were washed with ethanol/sodium acetate (90 : 10, v/v). The pellet was redissolved in hot water, treated with Fehling solution at 0 "C for 18 h which precipitated mannoproteins, and the soluble fraction was then deionized (see Fig. 1 ). The alkali-insoluble residue was further analysed by sequential enzymic hydrolyses, each in a total volume of 1 -0 ml at 37 "C for 12 h. The sequence used was : amylase (5.0 mg in 50 mM-phosphate buffer, pH 6.9, containing 6 mM-NaC1); Zymolyase (10 mg in 0.2 M-sodium acetate buffer, pH 5.4) and snail gut enzymes (4OOO units in 100 mwsodium acetate buffer, pH 5.0). After each enzyme incubation, the insoluble residue was recovered by centrifuging and the supernatant was analysed for radioactivity.
Analysis of the spent medium. The medium obtained after incubation of spheroplasts and intact yeast cells (spent medium) was acidified with 2 M-HCl to pH 2.0, taken to dryness (rotary evaporator) and resuspended in a minimum volume of distilled water. This step removed the dissolved C 0 2 and other volatile compounds. Mg2 + ions were removed with a Dowex-50 H + column (15 x 2.1 cm) and the column was eluted with 5 bed volumes of double distilled water. The combined washings were concentrated by rotary evaporation, applied to a Dowex-1 formate column (15 x 2.1 cm) and eluted with 5 bed volumes of double distilled water to remove the sulphate ions. The final eluate was concentrated to 2.0 ml and fractionated on a Sephadex G-15 column (30 x 2.7 cm). Fractions were monitored for radioactivity. Blue dextran and radioactive glucose were used to standardize the column.
Paper chromatography. Deionized samples of the spent medium before and after gel filtration were analysed by descending paper chromatography on Whatman no. 1 paper with the following solvent systems: (A) propan-2-ol/water (16 :4, v/v); (B) ethyl acetate/pyridine/water (12 : 5 :4, by vol.).
The spots were detected by radiochromatoscanning on a Packard Radio Scanner Model 7200 and also by silver staining.
Analytical methods. Total carbohydrate was measured using the phenol-sulphuric acid method of Dubois et al. (1956) . Reducing sugars were estimated by the p-hydroxybenzoic acid hydrazide (PABAH) method of Lever (1973) , while the glucose oxidase method of Lloyd & Whelan (1969) was employed for the glucose estimation.
The total acid hydrolysate of the purified carbohydrates of the spent medium was prepared as described by Peat 
RESULTS
Spheroplast formation and regeneration Candida albicans yeast cells were converted to osmotically fragile spheroplasts when incubated with a lytic preparation from culture filtrates of 0. xanthineolytica. Previous studies (Kerridge et al., 1976) have shown that the choice of osmotic stabilizer used for spheroplast formation affects the rate of conversion and the final yield of spheroplasts. Preincubation of cells with mercaptoethanol for 0-5 h promoted the rate of spheroplast formation. Spheroplast formation was not synchronous and the process depended on the age and metabolic state of the cells. Early-to mid-exponential phase cells gave good yields (90-95%) of spheroplasts after 30-45 min of incubation, whereas with stationary phase cells up to 90 min of incubation was required for similar yields. The mechanism of spheroplast formation observed with the system used in this work was different from that reported previously (Ota, 1972) . These workers observed spheroplasts emerging from the cell wall shell. With the 0. xanthineolytica lyticase systems spheroplast formation appeared to be a gradual process involving sloughing off of the entire wall.
Six different media were tested for the incorporation of labelled glucose. The incorporation increased with increasing glucose concentration in the medium (Table 1 ; compare media A, B and C). The inclusion of a nitrogen source, asparagine, did not increase the incorporation (B and D) . Similarly, replacement of Tris/HCl buffer plus MgSO., with phosphate plus asparagine and KCl as the stabilizer, or citrate phosphate buffer plus asparagine and KCl, did not increase the incorporation (C and E, A and F). Medium B of Table 1 (5-0mM-glucose) was used in all Spheroplast suspensions (10 ml) containing lo8 cells ml-were incubated with [ 14C]glucose (0.5 pCi) for 6 h at 30 "C in the media listed above. Samples (2 ml) of each incubation mixture were filtered through GF/C filters, and the filters were washed extensively with the respective buffers without osmotic stabilizers but containing unlabelled glucose. The filters were counted and the amount of subsequent experiments even though higher incorporation was obtained with 0.2 M-glucose (medium C). A lower concentration of glucose was selected to give a higher specific activity.
Utilization of [ 4Clglucose by spheroplasts and yeast cells
The time course for [14C]glucose utilization by spheroplasts and intact cells was studied by measuring the residual glucose in the regeneration medium, at 0.5 h intervals. The amount of radioactivity in the medium was also determined during the incubation at 0.5 h intervals. The uptake of glucose by the spheroplasts from the regeneration medium began immediately and all of the glucose was utilized by 3 h (Fig. 2a) . The rate of glucose removal was linear for the first 2 h and 80% of the total glucose was removed during this period. The amount of radioactivity in the medium also declined linearly for the first 3 h, but did not change significantly over the next 3 h. It was subsequently shown (see below) that the regenerating spheroplasts release radiolabelled product into the medium during the incubation. At the end of the 6 h incubation 25-30% of the original counts were still present in the medium. In a control experiment, intact yeast cells were preincubated as described for spheroplast formation, except that the lytic preparation was omitted. These cells showed a different pattern of glucose utilization. The rate of glucose utilization was slower than for the equivalent concentration of spheroplasts and was linear for 4 h (Fig. 2b) . The amount of radioactivity in the medium paralleled the residual glucose in the spent medium over the 6 h incubation.
The time course for incorporation of the 14C-label into the regenerating spheroplasts and intact yeast cells is shown in Fig. 3 . The rates of incorporation of 14C were linear for the first 3 h. After 3 h, the rate of incorporation into spheroplasts declined to 16% of the initial rate, but with intact cells the rate remained similar for the entire 6 h incubation. Radiorespirometry was used to compare the glucose metabolism of spheroplasts and intact cells. Figure 4 shows the time course of 14C02 production by spheroplasts and yeast cells incubated with 14C-glucose. Although the total amount of radioactivity expired as 14C02 was comparable (58% for spheroplasts and 62% for intact cells), the rates of C 0 2 production were different. Spheroplasts showed an initial lag of 0.5 h, produced maximum C 0 2 during the period 1.5-2-0 h and displayed an almost constant rate of C 0 2 production between 3.5-6.0 h (histogram, Fig. 4) . With yeast cells, however, there was no lag period and maximum C 0 2 production occurred between 0-5-1-0 h, after which a gradual decrease in the rate was observed for the remaining period of the incubation.
Analysis of the spent medium
After spheroplast regeneration, the spent medium contained 25-30% of the original radioactivity (Fig. 2) and this material was not glucose. Volatile compounds (mainly [ 14C]bicarbonate) made up 23% of the total radioactivity and these were removed by acidifying the spent medium and evaporating to dryness. This material was desalted by passage through cation exchange and anion exchange columns. There was no loss of radioactive material during the chromatography. The desalted material was further fractionated on a Sephadex G-15 column. Three radioactive peaks were recovered after gel filtration (Fig. 5) . The first peak eluted with the void volume and the second peak (P-I in Fig. 5 ) appeared as a shoulder to the major peak (P-I1 in Fig. 5) . When [14C]glucose was chromatographed on this column it eluted with a V, similar to P-11; however, P-I1 did not contain free glucose. When the spent medium was dialysed, the retentate contained 85% of the counts. The retentate was concentrated and chromatographed on Whatman no. 1 paper in propan-2-ol/water (16 : 4, v/v); there were no monosaccharides present. The distribution of radioactivity and the carbohydrate content after Sephadex G-15 fractionation is shown in Table 2 . The three fractions contained 15.7, 26.7, and 58% of the loaded labelled material, respectively, and the specific activity [c.p.m. (pg carbohydrate)-] was the same in each fraction. Fractions 20-80 from the Sephadex column containing the low molecular weight components, were pooled, hydrolysed and analysed by GLC. Mannose was the major monosaccharide present in the acid hydrolysate and accounted for 75.7% of the total.
Other sugars identified were fucose (3.8%), arabinose (3-0%), galactose (2.1 %) and glucose (1.1 %). A further component (14%) was not identified (see Discussion). The acid hydrolysate of fractions 20-80 was also analysed by descending paper chromatography. The monosaccharides were detected by radiochromatoscanning and by silver nitrate staining. Mannose and arabinose Regenerating spheroplasts of C . albicans 33 1 Table 2 . Distribution of radioactivity and carbohydrate in spent medium afier Sephadex G-15 chromatography
The spent medium after deionization was fractionated on a Sephadex G-15 column (Fig. 5) . The total number of counts in P-I, P-I1 and the void volume fraction was determined, and the total carbohydrate content of each peak was estimated. were identified with solvent A and mannose and fucose were identified with solvent B.
Combining the results from paper chromatography and GLC, the following compounds were identified : mannose, fucose, glucose, galactose and arabinose.
Distribution of 4C-label within C . albicans polysaccharides Following a 6 h incubation with [ 14C]glucose, regenerated spheroplasts and yeast cells were fractionated according to the scheme described in Methods. Incorporation of label into the various fractions was similar for both intact cells and spheroplasts (Tables 3 and 4) , apart from one striking difference. With spheroplasts there was only 0.9% incorporation into the mannan fraction (Fehling-precipitable fraction in Table 3 ), whereas in intact cells the label associated with this fraction was 9.0% ( Table 4) . The total incorporation into the alkali-insoluble pellet (representing the structural polysaccharides) was 24.8 % for spheroplasts and 20.7% for the intact cells. The fraction which contained the majority of the radioactivity from both the spheroplasts and the intact cells (65% and 67-3%, respectively) was the alcohol-soluble fraction of alkali-extractable material. This fraction contained the low molecular-weight metabolites from the cells. Further analysis of the alkali-insoluble residue by specific enzymic hydrolysis showed that Zymolyase solubilized more radioactivity from the material derived from intact cells (55 %) compared with that from the spheroplasts (39.3%) ( Table 5) . Snail-gut enzymes dissolved the majority of the residual radioactivity remaining after Zymolyase treatment.
DISCUSSION
This communication presents the first detailed biochemical analysis on the regeneration of C. albicans spheroplasts. The removal of the wall from cells by hydrolytic enzymes is an asynchronous process and spheroplasts in this study undoubtedly contained remnants of the old walls at the time of harvesting. Indeed the specific activity of the glucose in the glucan fraction isolated from the regenerated spheroplasts was lower than the specific activity of the [14C]glucose added to the medium. The composition of the regeneration medium was kept simple and the two essential components were a carbon source and an osmotic stabilizer. Glucose (5 mM) gave a suitable compromise between maximum incorporation and glucan with a high specific activity. In previous studies on the reversion of fungal protoplasts, the composition of the medium used varied from simple, like that used in the present study (Uruburu et al., 1968) to complex (FarkBs & Svoboda, 1980) . Wessels et al. (1976) concluded that, after removal of the lytic enzymes used in protoplast formation, little else besides a carbon source is required to obtain regeneration. The osmotic stabilizer used in the present work (0.5 M-MgSO,) gave optimal results not only for the formation of spheroplasts but also for regeneration. Ota (1972) carried out a systematic study of various osmotic stabilizers for the regeneration of C. albicans spheroplasts and concluded that not only was MgS04 the best stabilizer but also that the Mg2 + ions stimulated resynthesis of the wall.
An incubation time of 6 h was selected for regeneration because preliminary experiments showed that spheroplasts became resistant to osmotic shock and that both spheroplasts and the intact cells had exhausted the glucose in the medium by this time (Fig. 2) . In addition, electron and light microscopy have indicated that spheroplasts synthesize the major part of the wall during the first 6 h incubation (Popov et al., 1980; Uruburu et al., 1968; Necas, 1971) . Regenerating spheroplasts showed a faster rate of glucose removal from the medium (Fig. 2 ) when compared to intact cells. The increased rate of glucose uptake by the spheroplasts could reflect an increased metabolic demand during regeneration, but radiorespirometry showed that during the first 3 h of incubation, spheroplasts produced less C 0 2 (34%) than intact cells (50%). This suggests that the spheroplasts were preferentially directing glucose towards the synthesis of cell-wall polymers. This is also supported by the increased incorporation of label shown by the spheroplasts during the first 3 h of regeneration (Fig. 4) .
Analysis of the spent medium from regenerating spheroplasts and intact cells revealed a striking difference. The intact yeast cells did not excrete labelled products other than those recovered in the volatile fraction (uiz 14C02) to any significant extent. With regenerating spheroplasts, however, some 25-30% of the original counts were released into the medium as neutral carbohydrates which could be fractionated into a high molecular-weight and low molecular-weight fraction; these contained 15% and 84% of the counts, respectively. The specific radioactivity [230-250 c.p.m. (pg carbohydrate)-'1 of these fractions was comparable with the specific activity of the glucose (276 c.p.m. pg-* ) in the incubation. The high molecular-weight fraction was not analysed further because of the low yield. However, we conclude that this carbohydrate must be synthesized de novo, since its specific activity was similar to the specific activity of the original glucose.
Since mannose was the major (75%) sugar present in the acid hydrolysate of the low molecular-weight fraction after Sephadex G-15 chromatography, it is suggested that this material was exported from the regenerating spheroplasts as mannoproteins, which are normally destined for the cell wall. The low molecular weight of this fraction suggests that the exported mannoproteins were degraded by enzymes such as mannanases. Mannoproteins are not incorporated into the walls of the regenerated spheroplasts as judged by the analysis of the polysaccharide extracts of intact cells and regenerated spheroplasts. This is consistent with previous studies (FarkBs et al., 1970) and it is well documented that most yeast protoplasts do not synthesize complete walls in liquid media (Necas, 1971 ; Necas & Svoboda, 1981 ) and thus do not revert. The generally accepted explanation for this is that, although protoplasts synthesize all the components of the wall during regeneration, the mannans which cement the structural microfibrils diffuse into the spent medium. However, protoplasts (including C. albicans) revert back to the normal cells when the regeneration is carried out on a solid gel medium (Necas & Svoboda, 1981; Poulter et al., 1981) . The solid medium presumably decreases the loss of mannans and, perhaps, the mannan synthesizing enzymes (Necas, 197 1) . Although D-mannose is the principal monosaccharide in yeast mannans (Ballou, 1976) , it is by no means the only sugar present in this fraction. Spencer & Gorin (1973) showed that purified yeast mannans contain Dgalactose, D-glucose, D-xylose, L-fucose and L-arabinose. This would account for the sugars detected in the hydrolysate of the low molecular-weight fraction. There was, however, one peak on GLC chromatograms of the hydrolysate which could not be positively identified. The retention time of the unidentified peak is quite similar to that reported in the literature for either D-allose or 3-methyl glucose. Although the structure of C. albicans mannan has been described (Bishop et al., 1960; Yu et al., 1967 ; review by Odds, 1979) , a detailed analysis of the monosaccharide components has not been reported.
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The treatment used to extract the intact cells and regenerating spheroplasts (1 M-NaOH, 100 "C for 1 h) (Baguley et al., 1979) separates proteins, mannans, and alkali-soluble glucans from the insoluble residue which contains glucan and chitin (Duffus et al., 1982) . When this technique was applied to the regenerating spheroplasts, only 0.9% of the radioactivity was associated with the mannan fraction and this is consistent with the results discussed above. The mannan fraction from intact yeast, however, contained 9.2 % of the incorporated radioactivity.
Chemical analysis showed that the mannan fraction accounts for 22% of the isolated wall preparation of C. albicans (Sullivan et al., 1984) .
The structure of the alkali-insoluble glucan was analysed by enzyme hydrolysis. Amylase released 8% of the radioactivity, which indicated the presence of an a( 1 + 4)-linked polymer in this fraction. This material was probably residual glycogen which was not extracted with the hot alkali. The amylase-resistant material was extensively hydrolysed by Zymolyase. In control experiments with laminarin, pustulan, starch and glycogen, we found that the Zymolyase preparations contained activity only against p( 1 + 3)-linked glucans. B( 1 + 2)-and p( 1 + 4)-glucan hydrolase activities are not present in Zymolyase (Kitamuro & Yamamoto, 1972) . These results show that B(1 --* 3)-glucan was synthesized by the regenerating spheroplasts. The Zymolyase-resistant material was degraded by snail-gut enzymes which released the remaining 50% of the radioactivity. We have found that this fraction contains B(1 + 3)-and B(1 + 6)-glucans and chitin (P. K. Gopal, P. A. Sullivan & M. G. Shepherd, unpublished) . Further studies are required to determine the nature of the glucans and the relative abundance of the different linkages in the cell wall of C. albicans.
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